Introduction {#s1}
============

ACS is a disease characterized by the coronary artery stenosis-mediated insufficient blood supply, and it leads to severe health and economic burden on society\[[@r20]\]. PCI is the widely accepted treatment for ACS. Whereas, it cannot be ignored that PCI-induced vascular injury caused inflammatory response and oxidative stress and ultimately resulted in intimal hyperplasia, which had an undesirable effects on the outcomes of patients suffered ACS\[[@r11], [@r12], [@r25]\]. In view of these, agents with properties of preventing the PCI-induced vascular injury may give new insights for managing the ACS.

DPP-4 inhibitors are effective drugs for treating type 2 diabetes mellitus due to its ability of increasing the duration time of GLP-1 \[[@r6]\]. Nowadays, accumulative evidence has indicated that DPP-4 inhibitors also had vascular protective effects including attenuating the progression of carotid intima-induced thickness in type 2 diabetes \[[@r21]\]. A report from Lim *et al.* showed that treatment with stiaglipitn prevented carotid injury-mediated elevation of intima/media ratio in obese diabetic rats, and the protective effects of this DPP-4 inhibitor may be correlated with preventing inflammation and inhibiting vascular smooth muscle cells proliferation \[[@r19]\]. In addition, one *in vivo* study demonstrated that another DPP-4 inhibitor linagliptin ameliorated the neointima formation caused by endothelial denudation injury partially through attenuating the oxidative stress \[[@r27]\]. It also has been confirmed that linagliptin exhibited vascular protective effects in the Zucker diabetic fatty rats, indicating that linagliptin has beneficial effects on treating vascular injury \[[@r24]\]. However, the effects and underlying mechanisms of linagliptin on carotid balloon injury are still unclear.

NRF2 is a transcription activator, which is essential for the cellular redox homeostasis especially during the defense against oxidative stress-induced endothelial damage \[[@r3], [@r23]\]. Once being activated by oxidative stress, NRF2 were uncoupled from KEAP1 and then translocated to nucleus to bound with the antioxidant response element (ARE) of target genes to promote the transcription of these antioxidant genes such as HO-1 and NQO1\[[@r3], [@r5]\]. It has been reported that activation of the NRF2 antioxidant pathway suppressed the proliferation of smooth muscle cells *in vitro* and attenuated the intravascular oxidative stress *in vivo*, which were beneficial for alleviating the vascular injury\[[@r17]\]. Furthermore, a study from Choi *et al.* showed that gemigliptin inhibited the vascular damage and neointimal hyperplasia caused by ligation injury through regulating the NRF2 signaling pathway in smooth muscle cells \[[@r4]\]. As gemigliptin and liangliptin both are DDP-4 inhibitors, we has been inspired that linagliptin may exert its vascular protective effects via preventing the oxidative stress by regulating the NRF2 signaling cascade.

In our present study, we employed the rat carotid balloon injury model to investigate the effects of linagliptin on the intimal hyperplasia caused by vascular injury. Moreover, the role of NRF2 antioxidant pathway in the protective effects of linagliptin against vascular injury was also been examined.

Materials and Methods {#s2}
=====================

Animals
-------

All the animal experiments were conducted in strict accordance with the Guidelines for the Institutional Animal Care and Use Committee of Jining First People's Hospital. Male Wistar rats (8 weeks old) were purchased from Beijing HFK Bioscience Co., Ltd. and housed in a standard laboratory environment (21 ± 1°C; 45--55% humidity; 12 h light/12 h dark cycle; free access to feed and water). The Wistar rats were randomly divided into five groups: sham operation group (Sham); carotid artery balloon injury group (Injury); balloon injury with daily administration of 1 mg/kg linagliptin (1 mg/kg linagliptin); balloon injury with daily administration of 2 mg/kg linagliptin (2 mg/kg linagliptin); balloon injury with daily administration of 3 mg/kg linagliptin (3 mg/kg linagliptin).

Carotid artery balloon injury model
-----------------------------------

For balloon injury, the rats were anaesthetized using isoflurane with an inspiratory concentration at 3 vol%. Besides, buprenorphine (0.05 mg/kg body weight) were injected percutaneously 30 min before the operation for analgesic rescue.

After disinfected with iodine, the skin was incised along anterior median raphe of the neck. Then the common carotid artery, internal carotid artery, and external carotid artery of left side were exposed. The distal end of the external carotid artery was ligated. Besides, the internal carotid and the proximal end of common carotid were closed with an arterial clip. After that, an incision was made in external carotid artery, and a balloon angioplasty catheter (Edwards Lifesciences Corp, Irvine, CA, USA) was inserted through the external carotid to the aortic arch. Subsequently, the balloon was inflated by 5 times atmospheric pressure for 30 seconds followed with gently withdrawn, and this procedure has been repeated for 3 times to induce vascular injury. After the balloon catheter been removed, the external carotid artery was ligated and the wound was closed. The rats were intramuscularly injected with penicillin (2 × 10^5^ U, Jiangxi Jinkangjia Biochemical Pharmaceutical Co., Ltd., Jiangxi, China) for 3 d after operation to prevent infection. Besides, rats in sham group went through all the same procedures expect the balloon catheter insertion.

During present work, rats in different groups were oral administration of linagliptin (solved in 5% sodium carboxymethyl cellulose) or equal volume of vehicle solution (5% sodium carboxymethyl cellulose, Sigma-Aldrich, St. Louis, MO, USA) 2 weeks before the operation and continued until 4 weeks post-balloon injury. Additionally, the body weight of rats was measured every 2 weeks after firstly treatment with linagliptin, while the blood glucose levels were detected just before the rats were euthanized. After the rats have been euthanized 4 weeks after the operation, the lesion site of the common carotid artery about 2 cm was derived.

Hematoxylin and Eosin (H&E) staining
------------------------------------

H&E staining was used to evaluate the morphology changes of the vascular tissue. Briefly, the carotid artery tissues were fixed in 10% neutral formalin (Sinopharm Chemical Reagent Beijing Co., Ltd., Beijing, China) overnight followed with embedded in paraffin. Paraffin tissue was sliced into 5 *µ*m transverse histological sections, and then stained with hematoxylin (Solarbio, Beijing, China) and eosin (Sangon, Shanghai, China) according to the standard protocol. The stained sections were observed using OLYMPUS BX53 microscope (Tokyo, Japan). The areas of intima, media and lumen were measured.

ELISA assay
-----------

The production of inflammatory factors was determined by ELISA assay. The carotid artery tissues were homogenized in ice-cold normal saline, and the supernatants were harvested for further experiments. The protein levels of carotid artery tissues were quantified using a BCA kit (Beyotime, Shanghai, China). Subsequently, the levels of TNF-α, IL-1β and IL-6 were analyzed using the ELISA kits (MultiSciences (Lianke) Biotech Co., Ltd., Hangzhou, China) according to the manufacturer's instructions.

Detection of MDA, SOD and GSH-Px
--------------------------------

The levels of the oxidative stress-related factors in carotid artery tissues were estimated using the commercial kit according to the manufacturer's instructions. MDA level was assessed by TBA method using MDA assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). SOD activity was measured using Total Superoxide Dismutase (T-SOD) assay kit (Hydroxylamine method, Nanjing Jiancheng Bioengineering Institute). Glutathione peroxidase activity was determined by GSH-Px assay kit (Colorimetric method, Nanjing Jiancheng Bioengineering Institute).

EMSA assay
----------

EMSA assay was performed to assess the binding ability of NRF2 to the ARE. In short, nuclear protein were obtained from carotid artery tissues using a Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime) and quantified by a BCA kit. EMSA was carried out using the NRF2 Electrophoretic mobility shift assay Kit (Viagene Biotech, Inc. Beijing, China) to evaluate the NRF2-DNA binding activity. Reactions were performed in present of the biotin-labeled DNA probe and nuclear extracts. Then the DNA-protein complexes were separated on a 6.5% polyacrylamide gel. The separated proteins were transferred onto membranes and fixed by UV crosslinking for 30 min. Subsequently, the membranes were incubated with streptavidin-HRP, and the bands were visualized using enhanced chemiluminescence (ECL).

Western blot
------------

The unclear proteins and total proteins were extracted from artery tissues by Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime) or RIPA lysis buffer respectively as previously described. After quantified by the BCA Protein Assay Kit (Beyotime), the protein from different conditions were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to PVDF membranes (Millipore, Boston, MA, USA). Subsequently, the membranes were blocked with 5% non-fat milk and incubated with primary antibodies against NRF2 (1:1,000; Abcam, Cambridge, MA, USA), KEAP1 (1:1,000; Abcam), HO-1 (1:1,000; Abcam), NQO1 (1:1,000; BOSTER, Wuhan, China), β-actin (1:500; Bioss, Beijing, China), Histone H3 (1:500; Bioss) at 4°C overnight. Following, membranes were incubated with HRP-secondary antibodies (Beyotime) at 37°C for 45 min. Finally, protein bands were visualized using an ECL reagent (Beyotime) and the relative levels of the proteins of interest were calculated by Gel-Pro-Analyzer.

Statistical analysis
--------------------

The data were shown as mean ± SD, and GraphPad Prism 6 (Graph Pad Software, San Diego, CA, USA) was used to perform the statistical analysis. One-way analysis of variance (ANOVA) followed with Bonferroni test was carried out for analyzing statistical significance. *P*\<0.05 was considered statistically significant.

Results {#s3}
=======

Effects of linagliptin on the body weight and blood glucose level
-----------------------------------------------------------------

We firstly evaluated weather administration of linagliptin influenced the body weight and the levels of blood glucose in rats. As shown in [Fig. 1A](#fig_001){ref-type="fig"}Fig. 1.Linagliptin had no effects on body weight and blood glucose level in rats. The body weight (A) and the levels of blood glucose (B) in rats of different groups were detected. All data were presented as mean ± SD (n=6 for each group. one-way ANOVA followed by the Bonferroni test)., even treatment with linagliptin at 3 mg/kg up to 6 weeks hardly affected the body weight. Further, there were no differences between the rats treated with or without linagliptin on blood glucose level ([Fig. 1B](#fig_001){ref-type="fig"}).

Effects of linagliptin on the neointima formation
-------------------------------------------------

H&E staining was used to assess the effects of linagliptin on neointima formation induced by balloon injury. As shown in [Fig. 2A](#fig_002){ref-type="fig"}Fig. 2.Linagliptin ameliorated neointima formation post carotid artery balloon injury. Histological changes of carotid arteries were evaluated by H&E staining (A), The area of lumen, intima, media and the I/M ratio were calculated (B). All data were presented as mean ± SD (n=6 for each group. *\*\*\*P\<*0.001 compared with sham group; *^\#\#\#^P*\<0.001 compared with injury group; one-way ANOVA followed by the Bonferroni test)., the artery of rats in sham group showed normal morphology of vascular. The images of vascular showed obvious smooth muscle cell proliferation, irregular arrangement, intimal thickening and narrowing of lumen area in injury group, whereas administration of linagliptin reversed this phenomenon. The quantitative analysis were presented in [Fig. 2B](#fig_002){ref-type="fig"}, there were a reduction of luminal area and an elevation of intimal area in injury group compared with sham group, and this trend was abrogated by linagliptin. There were no statistic differences on the medial area between sham, injury and linagliptin group. Whereas, I/M ratio was increased in injury group compared with sham group, and treatment with linagliptin attenuated the phenomenon. We further performed H&E staining to investigate the influence of linagliptin alone on the arterial morphology. As shown in [Supplementary Fig. 1](#pdf_001){ref-type="supplementary-material"}, the right carotid artery from different groups did not show difference in arterial morphology.

Effects of linagliptin on the production of inflammatory factors
----------------------------------------------------------------

We performed ELISA assay to investigate the influence of linagliptin on balloon injury-induced generation of inflammatory cytokines. As shown in [Fig. 3](#fig_003){ref-type="fig"}Fig. 3.Linagliptin inhibited the generation of inflammatory factors induced by balloon injury. The production of TNF-α (A), IL-1β (B) and IL-6 (C) were measured by ELISA assay. The data were presented as mean ± SD (n=6 for each group. *\*\*\*P*\<0.001 compared with sham group; *^\#^P*\<0.05, *^\#\#^ P*\<0.01, *^\#\#\#^ P*\<0.001 compared with injury group; one-way ANOVA followed by the Bonferroni test)., the levels of TNF-α, IL-1β and IL-6 in injury group were significantly increased compared with sham group, and treatment with linagliptin ameliorated this phenomenon dose dependently.

Effects of linagliptin on the oxidative stress
----------------------------------------------

In order to evaluate the influence of linagliptin on the oxidative stress mediated by balloon injury, the level of MDA and the activities of SOD and GSH-Px have been assessed. As shown in [Fig. 4A](#fig_004){ref-type="fig"}Fig. 4.Linagliptin suppressed the oxidative stress mediated by balloon injury. The content of MDA (A) and the activities of SOD (B) and GSH-Px (C) in the carotid arteries tissues were detected. The data were presented as mean ± SD (n=6 for each group. *\*\*\*P*\<0.001 compared with sham group; *^\#^P*\<0.05, *^\#\#^ P*\<0.01, *^\#\#\#^ P*\<0.001 compared with injury group; one-way ANOVA followed by the Bonferroni test)., linagliptin reversed the balloon injury-induced elevation of MDA level. Furthermore, the decreased activities of SOD and GSH-Px caused by balloon injury were attenuated by administration of linagliptin ([Figs. 4](#fig_004){ref-type="fig"}B and C).

Effects of linaglitin on the NRF2 antioxidant pathway
-----------------------------------------------------

The expression of KEAP1, nuclear NRF2, HO-1 and NQO1 were determined by western blots. As shown in [Fig. 5A](#fig_005){ref-type="fig"}Fig. 5.Linagliptin activated the NRF2 antioxidant pathway. The expression levels of the KEAP1, nuclear NRF2, HO-1 and NQO1 were determined by Western blot (A). The binding capacity of NRF2 to ARE was assessed by EMSA (B).The data were presented as mean ± SD (n=6 for each group. *\*P*\<0.05, *\*\*P*\<0.01, compared with sham group; *^\#^P*\<0.05, *^\#\#^ P*\<0.01, *^\#\#\#^ P*\<0.001 compared with injury group; one-way ANOVA followed by the Bonferroni test)., the levels of NRF2, HO-1 and NQO1 were increased significantly in linagliptin group compared with injury group, while the level of KEAP1 was decreased. Besides, the EMSA results indicated that administration of linagliptin enhanced the binding ability of NRF2 to ARE compared with balloon injury group ([Fig. 5B](#fig_005){ref-type="fig"}).

Discussion {#s4}
==========

To date, PCI is still the main mean for treating ACS. Unfortunately, the vascular injury caused by PCI and the following restenosis limits its efficacy \[[@r12]\]. Linagliptin, which widely used for treating diabetes, has been reported to have ability of inhibiting neointima formation recently \[[@r27]\]. It also showed properties of inhibiting the proliferation of smooth muscle cells *in vitro* and preventing inflammation *in vivo* \[[@r9]\]. The merits of our present work were to demonstrate that administration of linagliptin could protect rats from carotid balloon injury, and the NRF2 antioxidant pathway may be involved in the vascular protective effects of linagliptin.

Consideration of the therapeutic effects of DPP-4 inhibitors on diabetes and the report that administration of sitagliptin at concentration effective for attenuating intimal hyperplasia influenced the blood glucose levels in rats, we firstly evaluated the effects of linagliptin on the body weight and blood glucose levels \[[@r19], [@r26]\]. We found that neither carotid balloon injury nor orally administration of 3 mg/kg linagliptin daily for 6 weeks had any effects on body weight and blood glucose levels in rats. Our data were consistent with Terawaki's study, which observed that treatment with linagliptin at 3 mg/kg/day ameliorated the intimal hyperplasia caused by vascular injury without affecting the concentrations of blood glucose \[[@r27]\].

In view of these, we chose 1, 2 and 3 mg/kg linagliptin to investigate its vascular protective effects on carotid balloon injury in present study. According to the results of H&E staining, we found that administration of linagliptin significantly reduced the elevation of intimal area and I/M ratio induced by balloon injury. The above results suggested that linagliptin may be a potential agent for treating PCI-induced intimal hyperplasia without influencing the body weight and glucose blood levels.

Furthermore, accumulative literatures have revealed that inflammation played an essential role in the neointima formation caused by balloon injury. Once causing iatrogenic trauma and damage during PCI, the platelets, macrophages and activated leukocytes in the damaged area secreted various inflammatory factors including IL-1, IL-6, MCP-1 and so on \[[@r7], [@r12]\]. These agents promoted the intimal hyperplasia via facilitating the SMC proliferation and migration, activating platelets and recruiting monocytes \[[@r16]\].

One *in vivo* study demonstrated that mangnolol ameliorated the intimal hyperplasia formation via suppressing the proliferation of vascular smooth muscle cells (VSMCs) through inhibiting the activation of NF-κB and the generation of TNF-α \[[@r14]\]. In addition, a report from Li *et al.* showed that anagliptin, the DPP-4 inhibitor, attenuated neointima formation in rats suffered balloon injury by preventing the production of inflammatory cytokines and chemokines \[[@r18]\]. In agreement with these studies, we found that the levels of TNF-α, IL-1β and IL-6 in the cervical aorta of rats were increased after balloon injury, and linagliptin inhibited the production of these inflammatory factors dose dependently. This phenomenon suggested that linagliptin may exert its vascular protective effects partially through preventing the inflammatory response. Moreover, consideration of the closely association between inflammation and PCI-induced SMC proliferation and the importance of SMC proliferation for intimal hyperplasia, we wonder if linagliptin could prevent the neointima formation by regulating SMC proliferation \[[@r22]\]. Further *in vivo* and *in vitro* studies will be carried out to confirm the hypothesis.

Additionally, ample studies revealed that DPP-4 inhibitors may also exerted its vascular protective effects via inhibiting oxidative stress, which was closely associated with pathogenesis and progress of PCI-mediated intimal hyperplasia \[[@r1]\]. It has been reported that the production of oxidative stress-related factors especially reactive oxygen species was significantly increased after PCI-induced injury, and led to SMCs proliferation, endothelial dysfunction, matrix remodeling and ultimately caused restenosis \[[@r13]\]. During the oxidative stress-related vascular injury, SOD and GSH-Px are important antioxidant enzymes to reduce oxidative stress injury, and MDA is the product of lipid oxidative damage \[[@r8]\]. Besides, it has been indicated that compound could suppress balloon injury-induced neointimal hyperplasia through attenuating oxidative stress by regulating the MAPK pathway \[[@r29]\]. Consist with these studies, we found that linagliptin reversed the increased level of MDA after balloon injury. It also attenuated the decrease of SOD and GSH-Px activities induced by carotid balloon injury. These results demonstrated that the property of anti-oxidative stress may contribute to the vascular protective effects of linagliptin against balloon injury.

With the objective of elucidating the underlying mechanisms of linagliptin against neointima formation mediated by carotid balloon injury, we evaluated the effects of linagliptin on the NRF2 pathway. As a transcription activator, NRF2 protects vascular tissues from oxidative stress injury via promoting the transcription of antioxidant genes such as HO-1 and NQO1 \[[@r3]\]. During this process, the interaction of NRF2-KEAP1 has been resolved and leads to the activation of NRF2 \[[@r2]\]. In present study, we observed that administration of lingaliptin further decreased the KEAP1 expression while increased the nuclear expression and the binding ability of NRF2 after balloon injury. Besides, the levels of HO-1 and NQO1, the downstream targets of NRF2, were also increased by lingaliptin treatment. The data suggested that the NRF2 antioxidant pathway may be involved in the vascular protective effects of lingaliptin against carotid balloon injury. Our current findings were in consistent with Kim's study, which demonstrated that agent could ameliorate carotid artery injury-induced neointimal hyperplasia through activating the NRF2/HO-1 axis \[[@r15]\]. Furthermore, the slight activation of NRF2 antioxidant pathway after balloon injury may be associated with the defense against vascular damage by organism itself. It has been confirmed that various changes have been carried out in carotid to against oxidative stress after PCI-induced vascular injury. Activation of the NO signaling pathway to prevent the oxidative stress injury-induced neointimal formation was one of these changes \[[@r10]\]. Besides, Zhang and colleagues got similar results with us during their research, they observed that the NRF2 antioxidant pathway was activated after ox-LDL induced vascular damage \[[@r28]\]. In order to further clarify the role of NRF2 signaling pathway in the vascular protective effects of lingaliptin, the adenovirous-mediated silencing of NRF2 will be performed in our following studies.

In conclusion, the present study shows that linagliptin attenuates carotid balloon injury induced-intimal hyperplasia. The vascular protective effects of linagliptin may be correlated with inhibiting the production of cytokines, regulating the levels of oxidative stress-related factors, and activating the NRF2 antioxidant pathway. In view of these, linagliptin may be a promising agent for preventing and treating PCI-mediated vascular restenosis.
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